Cofactors of LIM domain proteins, CLIM1 and CLIM2, are widely expressed transcriptional cofactors that are recruited to gene regulatory regions by DNA-binding proteins, including LIM domain transcription factors. In the cornea, epitheliumspecific expression of a dominant negative (DN) CLIM under the keratin 14 (K14) promoter causes blistering, wounding, inflammation, epithelial hyperplasia, and neovascularization followed by epithelial thinning and subsequent epidermallike differentiation of the corneal epithelium. The defects in corneal epithelial differentiation and cell fate determination suggest that CLIM may regulate corneal progenitor cells and the transition to differentiation. Consistent with this notion, the K14-DN-Clim corneal epithelium first exhibits increased proliferation followed by fewer progenitor cells with decreased proliferative potential. In vivo ChIP-sequencing experiments with corneal epithelium show that CLIM binds to and regulates numerous genes involved in cell adhesion and proliferation, including limbally enriched genes. Intriguingly, CLIM associates primarily with non-LIM homeodomain motifs in corneal epithelial cells, including that of estrogen receptor ␣. Among CLIM targets is the noncoding RNA H19 whose deregulation is associated with Silver-Russell and Beckwith-Wiedemann syndromes. We demonstrate here that H19 negatively regulates corneal epithelial proliferation. In addition to cell cycle regulators, H19 affects the expression of multiple cell adhesion genes. CLIM interacts with estrogen receptor ␣ at the H19 locus, potentially explaining the higher expression of H19 in female than male corneas. Together, our results demonstrate an important role for CLIM in regulating the proliferative potential of corneal epithelial progenitors and identify CLIM downstream target H19 as a regulator of corneal epithelial proliferation and adhesion.
CLIMs
3 are a family (CLIM1/LDB2 and CLIM2/NLI/LDB1) of ubiquitously expressed cofactors (1-3) that form homo-and possibly heterodimers (1, 4) to mediate gene activation. Known to be important for stemness, CLIM2 is required for the maintenance of fetal and adult hematopoietic stem cells (5) . It is also required for maintenance of epithelial stem cells in the crypts of the small intestine (6) , in the bulge of hair follicles (7) , and in the basal layer of the mammary gland (8) . Intriguingly, CLIM2 has also been shown to regulate the final stages of erythroid differentiation (9) . Thus it is likely that this factor acts at multiple stages of differentiation, maintaining progenitor cells in stem cell niches while also promoting cell differentiation at later stages outside of the niche.
Characterized by their N-terminally located dimerization domain and C-terminally located LIM interaction domain, CLIM proteins lack DNA binding capacity and rely on interactions with other transcription factors to regulate gene expression. Through homodimerization, CLIM has the potential to bring together multiple interacting proteins into large multiprotein complexes that coordinate and integrate different input signals to regulate transcription (10) . It has also been suggested that the dimerization of CLIM proteins can mediate chromatin looping between promoters and enhancers (11) . Although numerous interacting partners of CLIM have been identified in various organs, the DNA-binding proteins that recruit CLIM to gene regulatory regions in corneal epithelial cells remain undefined as does the transcriptional regulatory role of CLIM in this system.
Noncoding RNAs, an integral component of gene regulation during development, confer an additional layer of complexity to transcriptional regulation. H19, one of a few long noncoding RNAs conserved between mouse and human, is a key regulator of proliferation during embryonic development, acting to antagonize the growth-promoting effects of IGF2. Located adjacent to each other, the H19 and Igf2 genes are imprinted: IGF2 is expressed from the paternal allele, and H19 is expressed from the maternal allele (12) . Differential methylation of an insulator element between the two genes determines which promoter can make contact with downstream enhancers, highlighting the importance of chromatin structure in gene regulation (12) . Both IGF2 and H19 are highly expressed in fetal tissues, and both are down-regulated in most tissues soon after birth (13) . Although much work has been done to establish the mechanism whereby imprinting affects gene regulation in this system, many questions remain about the tissue-and temporally specific regulation of this locus during development as well as the tissue-specific functions of this noncoding RNA. In particular, little is known about the expression of H19 and IGF2 in cornea, and nothing is known about the potential role of H19 in corneal epithelial cells. Interestingly, however, H19 is expressed at a higher level in female than male corneas (14) .
Clim2 knock-out mice die at embryonic day E9.5 with severe patterning defects (10) , whereas Clim1 knock-out mice are phenotypically normal, suggesting redundancy in function between the two genes. To avoid the embryonic lethality and the complex issue of redundancy, we developed a mouse expressing a dominant negative (DN) CLIM under the Krt14 promoter (K14-DN-Clim), targeting DN-CLIM to the basal layer of stratified epithelial tissues, including epidermis, hair follicles, mammary gland, and cornea (7, 15) . The K14-DNClim mice exhibit decreased numbers of hair follicle stem cells, resulting in hair loss, and have abnormal corneas (7) .
Right after birth, the K14-DN-Clim mice develop epithelial hyperplasia and corneal opacity (7) . Due to defective cell adhesion, caused at least in part by decreased expression of the hemidesmosome component BP180, stromal edema and blistering frequently occur, resulting in a strong inflammatory reaction and neovascularization. Recurrent wounding and inflammation persist, dramatically perturbing the ability of the corneal epithelium to maintain homeostasis. After this period of hyperplasia, the epithelium of K14-DN-Clim mice undergoes thinning around postnatal days 11 and 16 that persists up to 5 months of age at which point the corneal epithelium begins to develop abnormal characteristics that mimic epidermal differentiation, including cornification in the upper layers of the epithelium; occasional terminal phenotype mice also develop sebaceous-or goblet-like cells in the corneal epithelium.
Although we have shown that cell adhesion defects cause blistering and wounding (7), they alone cannot fully explain the defects in the DN-CLIM cornea, suggesting additional regulatory roles for CLIM. In this study, we investigated the early cellular and molecular mechanisms of action for CLIM in the corneal epithelium. When CLIM complexes are disrupted in the corneal epithelium, there is an initial increase in proliferation followed by a reduction in self-renewal capacity of epithelial progenitor cells. Through gene expression profiling of K14-DN-Clim corneas and in vivo chromatin immunoprecipitation-sequencing (ChIP-Seq) experiments, we identify a number of genes known to be involved in epithelial progenitor cell function that are likely directly regulated by CLIM, including regulators of cell proliferation. Among these is the locus of the noncoding RNA H19. We demonstrate a previously undefined role for H19 as a negative regulator of proliferation in corneal progenitor cells and a modulator of genes encoding adhesion molecules. Furthermore, we show that CLIM acting in concert with ER␣ binds to and activates H19 expression to temper proliferation levels. Thus our study suggests that CLIM-regulated H19 contributes to the balance between proliferation and differentiation in corneal epithelial progenitor cells.
Experimental Procedures
Isolation of RNA from Mouse Cornea and Human Corneal Epithelial Cells for Microarray Gene Expression Analysis-Eye globes were removed from K14-DN-Clim transgenic mice and wild type littermates immediately after sacrifice. Whole corneas were dissected, removing all non-corneal tissues but retaining the peripheral cornea, or limbal region. Total RNA from whole cornea was isolated with TRIzol (Life Technologies) and further purified with the Qiagen RNeasy Micro kit. Corneal RNA sample purity was validated by qPCR expression of tissue-specific markers and the absence of markers for adjacent tissues.
Postnatal day 3 (P3) samples were prepared for microarray with NuGEN Ovation RNA Amplification System V2 and NuGEN FL-Ovation cDNA Biotin Module V2 (NuGEN Technologies, San Carlos, CA). Gene expression was assessed with Affymetrix Mouse Gene 1.0 ST arrays with three mice for each genotype. For human cornea epithelial cells, we used Affymetrix Human 1.0 ST arrays.
Microarray Data Analysis-Array data were quantified with Expression Console version 1.1 software (Affymetrix, Inc.) using the PLIER Algorithm default values. Expression values were then filtered as present/absent at expression 150. Cyber-T web server (16) was utilized to compare wild type and K14-DNClim samples and primary human corneal epithelial scrambled control with siH19 for statistically significant differential expression. Gene ontology analysis was performed using DAVID (17, 18) .
Culture of Primary Mouse Corneal Epithelial Cells-After sacrifice, mice were sprayed with 70% EtOH, and a drop of Betadine was applied to each eye for 15 s. Eyes were flushed with PBS ϩ penicillin/streptomycin (100 units/ml penicillin and 100 g/ml streptomycin). Whole eye globes were washed 3 ϫ 10 min in PBS ϩ penicillin/streptomycin. Corneal epithelium was isolated by digestion in Eagle's minimal essential medium ϩ Dispase (20ϫ Dispase, CellNTec) with 50 mM sorbitol and penicillin/streptomycin for 2 h at 37°C, vortexing the whole eye globes gently every 15 min to aid separation. Corneal epithelial sheets were then peeled off the eye globes. The corneal epithelial sheets were trypsinized for 15 min at 37°C to obtain a single cell suspension and plated at 100,000 cells/well in a 6-well dish using cells from one eye for each well. A 40-m strainer was used to exclude cell aggregates. Prior to plating, culture dishes were coated with a 1:15 dilution of PureCol, incubated for 2 h at 37°C, and rinsed twice with PBS ϩ penicillin/streptomycin. Cells were grown in CnT50 medium (CellNTec). To verify the identity of the cultured primary corneal epithelial cells after 2 weeks in culture, we performed qPCR on a panel of limbal and basal cell markers, corneal differentiation markers, and epidermal differentiation markers (see Fig. 3A ). At day 0 of isolation, the isolated epithelial cells had high expression of progenitor cell markers ABCG2 and KRT19 and low expression of corneal epithelial differentiation markers like KRT12. After 2 weeks in culture, the expression of these progenitor markers still remained high compared with differentiation markers. Additionally, loricrin, a marker of epidermal differentiation, was low at all time points (Fig. 3A) , indicating these cells were not transitioning to an epidermal cell fate as has been noted in other studies (19) These results suggest that these cells remain progenitor-like after 2 weeks in culture. In some experiments, cell cultures were stained with Ki67 antibody (Abcam ab15580; 1:1000) and Hoechst 3342 (Thermo Scientific; 1 g/ml). The ratio of positive cells was determined from sequential images across the center of the well, counting a total of 800 -1000 Hoechst-positive cells per replicate using ImageJ.
Colony Forming Assays-Primary corneal epithelial cells were isolated as described above and plated at 10,000 cells/well in a 12-well dish. Medium was changed every 3 days. After 2 weeks, cells were fixed with 10% neutral buffered formalin, washed 3 ϫ 5 min with PBS, and stained with Giemsa (Sigma) for 15 min. Wells were then rinsed with distilled H 2 O, dried, and photographed under a dissection microscope.
BrdU Labeling of K14-DN-Clim Mice-K14-DN-Clim mice and wild type littermates were injected intraperitoneally with 10 mg/ml BrdU solution (BD Biosciences; 50 g/g of body weight) 2 h prior to sacrifice. Whole eye globes were dissected, fixed in neutral buffered formalin at 4°C overnight followed by processing for paraffin embedding. Eyes were sectioned at 8 m and stained with rat anti-BrdU (Abcam) and biotinylated anti-rat IgG (Vector Laboratories). Labeling was detected with the Vectastain ABC Elite kit (Vector Laboratories) and 3,3Ј-diaminobenzidine (DAB)/DABϩ Chromogen Solution (Dako).
Transfections-Primary human corneal epithelial cells were transfected with Lipofectamine LTX with Plus reagent (Life Technologies) according to the manufacturer's protocol. Medium was changed after 16 h, and cells were collected 72 h after the addition of transfection reagents. For the siH19 experiments, 100,000 cells in suspension per well (12-well plates) were transfected with 30 nM control (Dharmacon ON-TARGETplus Control pool, D-001810-10-05) or H19 (a pool of Qiagen GeneSolution SI03650598, SI03650605, SI03650612, and SI03650619) siRNAs in triplicate for 72 h before RNA isolation.
MTT Assays-Human corneal epithelial cells were plated at a density of 10,000 cells/well in 96-well plates. Wells were transfected with the following vectors: empty vector (pcDNA3.1), DN-CLIM (20) , and H19 (Dharmacon 3449920). Medium was changed after 16 h. 72 h after transfection, 20 l of MTT assay reagent (Promega) was added to each well and incubated in the dark for 2 h. Absorbance was read at 490 nm.
ChIP-PCR and ChIP-Seq-ChIP assays were performed as described previously (21, 22) on corneal epithelial cells isolated from P7 mice as described above. The P7 time point was selected as the earliest stage from which sufficient chromatin could be obtained from the corneal epithelial tissue. The following antibodies were used: IgG (Sigma) (for ChIP-PCR only) and anti-Myc tag (Invitrogen); the DN-CLIM construct contains a Myc tag at its N terminus (20) . ChIP-qPCR assays were performed with the following antibodies: FOXO1 (Abcam ab39670), RUNX1 (Abcam ab23980), ER (Santa Cruz Biotechnology sc-543), and CLIM1/2 (Santa Cruz Biotechnology sc28695). Primer sequences are listed in supplemental Table 4 . Sequencing libraries were generated for two replicate Myc tag ChIP samples using the Illumina Tru-Seq kit according to the Illumina protocol for ChIP-Seq library preparation with some modification: following previously published protocols (23, 24) , after adaptor ligation, 14 cycles of PCR amplification were performed prior to size selection of the library. Clustering and 50-cycle single end sequencing were performed on the Illumina Hi-Seq 2000 Genome Analyzer. Reads were aligned to the mouse mm9 genome using Bowtie (version 0.12.7) with only uniquely aligning reads retained (25) . MACS (version 1.4.2) was used to call peaks with an input control sample (26) . The 60% of peaks that overlapped between the two replicates were used for all subsequent analyses. MEME and Cistrome were used for motif analysis (27, 28) . Galaxy was used to analyze overlaps between ChIP-Seq peaks and genome features (29 -31) .
Animal 
Results

CLIM Regulates Genes Important for Progenitor Cell Maintenance and Tissue
Homeostasis-To identify early transcriptional changes that could give insights into the cause of the striking terminal phenotype of the K14-DN-Clim corneas, we characterized the gene expression differences in whole corneas from WT and K14-DN-Clim mice at P3. We identified 1099 differentially expressed genes with a significance of p Ͻ 0.05 and a -fold cutoff of 1.5; 361 genes are up-regulated, and 738 genes are down-regulated (supplemental Tables 1 and 2) . Upregulated genes are overrepresented in eye development-related gene ontology (GO) categories (17, 18) (Fig. 1A) . These include retinal/neural crest factors, such as OPN1SW and RCVRN, which are not normally expressed in the cornea. The enriched GO categories for the down-regulated genes included blood vessel development, cell adhesion, and extracellular matrix organization, linking gene expression changes to the loss of epithelial adhesion, neovascularization, and stromal edema in the K14-DN-Clim corneas. Regulation of proliferation is also a down-regulated category (Fig. 1A) . The cell adhesion category of CLIM-regulated genes contains a diverse group of proteins, including numerous laminins, integrins, and claudins. Among the cell proliferation genes down-regulated by K14-DN-Clim in the cornea are cell cycle inhibitors CDKN1A/ p21 and CDKN1B/p27 and noncoding RNA H19, a negative regulator of proliferation, consistent with the hyperproliferation observed in the early postnatal period in DN-CLIM corneas (7). We also found enrichment for components of several signaling pathways among the down-regulated genes (Fig. 1B) . These include focal adhesion, TGF␤, mitogen-activated protein kinase, and cytokine signaling pathways. In sum, the gene expression changes at P3 are consistent with epithelial hyper-plasia, impaired adhesion, and neovascularization observed in the cornea of K14-DN-Clim mice (7) .
CLIM Targets Share Similar Expression Dynamics across Corneal Development-We previously profiled gene expression changes in the cornea over the lifetime of the mouse (from embryonic day E14 through 2 years), identifying genes with similar spatial and temporal expression patterns, allowing the definition of nine superclusters (32) . By overlapping these data with genes differentially regulated in K14-DN-Clim mice, we found that several of the previously described developmental time course clusters harbor an overrepresentation of genes affected by DN-CLIM (Fig. 1, C and D) . Of the genes up-regulated by DN-CLIM, many belong to Supercluster G, which contains genes involved in eye development and nervous system function. Many K14-DN-Clim down-regulated genes are found in Supercluster B, which is enriched for genes most highly expressed in the stroma, containing many genes with functions in extracellular matrix organization. Response to wounding is among the enriched GO categories for DN-CLIM-affected genes in this cluster; the majority of genes that fall into this category, like TGFBR2, IGFBP4, and PROS1, are stromally enriched and likely represent secondary effects of DN-CLIM expression in the corneal epithelium. Down-regulated genes are also highly enriched in Supercluster D. As in Supercluster B, Supercluster D contains many genes that are involved in the processes of cell adhesion and extracellular matrix organization, including AEBP1, THBS1, and SPON1 (Fig. 1D) , correlating well with the observed adhesion defect in the DN-CLIM corneas. Together, these data indicate that CLIM has a broader role in regulating the adhesion of corneal epithelial cells than previously recognized (7) .
Disrupting CLIM in the Corneal Epithelium Alters Proliferation Dynamics-The enrichment of cell proliferation regulators among the genes affected by K14-DN-Clim in the P3 cornea is consistent with previous observations that the K14-DN-Clim phenotype includes a period of hyperplasia followed by epithelial thinning (7) . Therefore, CLIM may play a role in maintaining the progenitor population and in regulating the balance between cell proliferation and differentiation. To study the proliferation dynamics of the developing K14-DN-Clim corneal epithelium, we evaluated BrdU incorporation at P3, P8, and P10 in both the peripheral/limbal (Fig. 2, A and B) and central cornea (Fig. 2, A and C) . At P3, the number of proliferating cells was significantly higher in K14-DN-Clim mice in both the central and peripheral cornea. A similar trend was observed at P8, although the difference did not reach statistical significance at this time point. By P10, BrdU labeling decreased in K14-DNClim mice with significantly fewer proliferating cells in the peripheral/limbal cornea. Therefore, the corneal epithelium in K14-DN-Clim mice proliferates more actively than wild type cornea in the early days after birth, but as the phenotype progresses, as early as P10, the K14-DN-Clim limbally located corneal epithelial cells are less proliferative.
Disruption of CLIM Leads to Increased Followed by Decreased Proliferative Potential of Corneal Epithelial Progen-
itor Cells-To test whether the epithelial progenitor cells are perturbed in young K14-DN-Clim mice and whether these effects are intrinsic to the progenitor cells, we adapted a method of culturing primary corneal epithelial cells in colony forming assays (Fig. 3, A and B) . After isolation, the epithelial cells have high expression of progenitor cell markers ABCG2 and KRT19 and low expression of corneal epithelial differentiation markers like KRT12, CNX43, and TJP1. After 2 weeks in culture, we detect changes in expression of some of the markers tested, including an increase in differentiation-associated ENO1 and TJP1; however, expression of progenitor markers ABCG2 and KRT19 still remain high compared with differentiation markers. Additionally, loricrin, a marker of epidermal differentiation, is low at all time points (Fig. 3B and supplemental Table 3 ). These results suggest that the cells remain corneal epithelial progenitor-like after 2 weeks in culture.
Corneal epithelial cells from K14-DN-Clim mice formed significantly fewer colonies than those from wild type littermates (Fig. 3, C and D) . In addition, the size of K14-DN-Clim corneal epithelial cell colonies was smaller than controls with the ratio of all K14-DN-Clim colonies skewed toward smaller sized colonies and away from large colonies, which comprised up to 10% of wild type colonies but less than 2% of K14-DN-Clim colonies (Fig. 3D) . Additionally, there are fewer ki67-positive cells in the K14-DN-Clim compared with WT colonies (Fig. 3E) . These data suggest that already at P7 K14-DN-Clim mice have fewer corneal epithelial progenitor cells with decreased proliferative potential compared with wild type mice. Together, the data also suggest that the initial corneal epithelial hyperplasia followed by thinning in K14-DN-Clim mice starting at P11 is due to altered intrinsic proliferative potential of corneal epithelial progenitors.
Limbally enriched Genes Are Regulated by CLIM-Considering the effect of CLIM on corneal epithelial progenitors, we next sought to gain insights into the effect of DN-CLIM on the expression of genes characteristic for limbal epithelial cells. We took advantage of previously published data comparing gene expression in central corneal and limbal cell populations captured by laser microdissection in the mouse (33) (Fig. 4) . There is a statistically significant overlap of genes differentially regulated by DN-CLIM at P3 and the limbal epithelially enriched genes determined by the aforementioned study (33) . Interestingly, all of the limbal epithelially enriched genes that are affected by DN-CLIM in the mouse cornea are down-regulated, further supporting a role for CLIM as transcriptional activators of a gene program regulating corneal progenitor cells (Fig. 4) . Among these are genes involved in cell growth, cell adhesion, and extracellular matrix deposition (Fig. 4) . These categories are highly similar to the GO categories found in the overall analysis for genes affected by DN-CLIM in the cornea. Several of the down-regulated limbally enriched genes that are in the K14-DN-Clim cornea, including THBS2, a cell adhesion gene, and WNT5A, an inhibitor of the canonical Wnt pathway in some systems, are also significantly down-regulated in the aging cornea (32), further supporting a causal link between CLIM and the regenerative potential of the cornea.
ChIP-Seq Identifies Direct Targets of CLIMs-To identify which of the genes whose expression is affected by K14-DNClim are direct targets of CLIMs, we performed ChIP-Seq on corneal epithelium isolated from P7 mouse corneas using an antibody to the Myc tag of DN-CLIM. The P7 time point was selected as the earliest age from which sufficient chromatin could be obtained from corneal epithelium for ChIP-Seq. ChIP experiments were performed in duplicate; at a 5% false discovery rate cutoff, ϳ60% (27,616) of the peaks overlapped between the two replicates (Fig. 5, A and B) . To minimize false positives in our analyses, these 27,616 overlapping peaks were used for all further analyses.
Whereas 10% of CLIM peaks were found in proximal promoter regions, the great majority were found in distal regions, defined as 50 kb upstream through 5 kb downstream of a TSS, excluding proximal promoters (0 -2 kb upstream of TSS); these distal binding sites are candidate locations for regulatory regions like enhancers (Fig. 5C ). This genomic distribution of CLIM peaks deviates strongly from the background genomic distribution, consistent with previous ChIP-Seq studies for CLIM in erythroid cells (9) and for the CLIM-interacting factor LIM homeodomain (LHX) 2 in hair follicle stem cells (34) .
CLIM Target Genes Are Involved in Both Stem
Cell Maintenance and Epithelial Differentiation-We next overlapped the CLIM ChIP-Seq peaks in corneal epithelium with genes whose transcripts were affected by DN-CLIM in P3 corneas. Four hundred sixty-nine genes, representing ϳ40% of differentially regulated transcripts, also had a nearby CLIM ChIP-Seq peak (Fig. 5D ). These genes were enriched for a subset of GO categories from the analysis of all genes bound by CLIM, including cell proliferation, blood vessel development, eye development, and cytoskeletal development (Fig. 5E ), categories that are explanatory for the phenotype of the DN-CLIM cornea. Among the cell proliferation genes is H19, which encodes a noncoding RNA. Many proteins involved in extracellular matrix interac- tion and focal adhesion signaling are also directly bound by CLIM, including thrombospondins, integrins, collagens, and filamin. Furthermore, several of the limbally enriched genes that are affected by DN-CLIM at P3 (Fig. 4) also have CLIM ChIP-Seq peaks in the corneal epithelium at P7; these include Wnt5a, Fgfr1, and Thbs2 (Fig. 5F ). Together, these data indicate that CLIM directly controls a number of different genes involved in regulation of corneal epithelial progenitor cell function.
CLIM Binding Sites Are Enriched for Selective Transcription Factor Motifs-Next we sought to identify the transcription factors recruiting CLIM to target genes in the corneal epithelium. Interrogating the 250 bases of flanking DNA from each side of the center summits of the ChIP-seq peaks (Fig. 6A) with the non-biased motif search algorithm MEME, we found overrepresented DNA-binding motifs that were highly similar to the GATA, RUNX1, and ER␣ (ESR1) motifs (Fig. 6B) . Directed motif searches on the CLIM binding regions revealed an enrichment of motifs for additional factors known to interact with CLIM in other systems, including GATA factors, TAL1, LMO2, GFI1, and FOXO1 (Fig. 6C) . Interestingly, LHX motifs were not enriched in CLIM binding regions. To determine whether CLIM might associate with multiple DNA-binding proteins, we looked for co-occurrence of motifs within the ChIP-Seq peaks (Fig. 6D) . Nearly all GATA3 motifs had nearby TAL1 motifs, indicating that these two factors bind together. Additionally, we found an increase in the co-occurrence of GATA3 and RUNX1 motifs as well as an increase in the number of ESR1 and LMO2 motifs found together in peaks, indicating that biases exist in the grouping of CLIM-associated transcription factors at different locations. These findings also suggest that CLIM primarily associates with non-LHX DNA-binding proteins in the corneal epithelium. To confirm the co-occupancy of the DNA-binding proteins whose motifs are enriched within CLIM peaks, we performed ChIP-qPCR experiments with mouse corneal epithelium using antibodies to RUNX1 and FOXO1. Both factors bind to a subset of their predicted motifs within the tested CLIM peaks (Fig. 6E) , indicating that these factors bind with CLIM in vivo in developing corneal epithelium. CLIM Targets H19 to Regulate Corneal Epithelial Proliferation Dynamics-One of the genes bound by CLIM with expression changes in the DN-CLIM cornea encodes the noncoding RNA H19 (Fig. 7A ), a factor with well defined roles in regulation of proliferation and growth in other systems. During development, H19 counteracts the growth-promoting role of adjacent factor IGF2, thereby reducing proliferation in progenitor cells (12) . We did not find evidence that CLIM binds to the differentially methylated region involved in imprinting of the locus or to the two enhancers that regulate H19 and Igf2 based on the imprinting methylation at the differentially methylated region. However, DN-CLIM binds to two sites overlapping the H19 gene body (Fig. 7A ) and to additional upstream and downstream sites, many of which overlap previously defined H19 enhancers and DNase-hypersensitive regions (35, 36) . Similar to other tissues, the expression of H19 is highest in the cornea during embryogenesis and decreases strongly after completion of development between P14 and P28 (Fig. 7B) . We validated by qPCR that cornea H19 expression levels are also decreased in DN-CLIM mice compared with WT littermate controls at P7 as they are at P3 (Fig. 7C) . Furthermore, H19 is also down-regulated in primary human corneal epithelial cells in the presence of DN-CLIM (Fig. 7D) , indicating that CLIM regulates H19 in a cell-autonomous manner.
We next performed a series of knockdown studies to determine whether H19 affects human corneal epithelial cell proliferation and whether the effects of DN-CLIM on corneal epithelial cell proliferation could be mediated through its regulation of H19. Knockdown of H19 by siRNA caused an increase in proliferation (Fig. 7E) , suggesting that H19 is a repressor of corneal epithelial progenitor cell proliferation. Conversely, expression of H19 in corneal epithelial cells leads to decreased cell proliferation (Fig. 7F) , further supporting a proliferationsuppressive role of H19 in corneal epithelial cells. Cells transfected with DN-CLIM alone showed an increase in proliferation (Fig. 7F) , consistent with the reduction in H19 gene expression (Fig. 7D) . However, in the presence of H19, DN-CLIM could not increase proliferation, supporting the idea that DN-CLIM, at least in part, affects proliferation through regulation of H19 (Fig. 7F) . Together, these data indicate that CLIM, acting in a cell-autonomous manner, regulates corneal epithelial cell proliferation via H19. 
H19 Has a Broad Gene-regulatory Role in Corneal Epithelial
Cells-Next we wanted to understand the gene-regulatory role of H19 in corneal epithelial cells and to explore whether CLIM activation of H19 might account for non-cell proliferation effects of CLIM. We used siRNA to knock down H19 in primary human corneal epithelial cells. Microarray gene expression analysis revealed that 1336 genes are down-regulated 1.5-fold or more by siH19 compared with scrambled control and that 1406 genes are up-regulated at least 1.5-fold at a p value cutoff of 0.01 (supplemental Table 5 ). Down-regulated genes are enriched in GO categories related to cell adhesion, epithelial development, cell cycle, and lipid metabolism (Fig. 8A) . Up-regulated genes are enriched in noncoding RNA processing and transcriptional regulation categories (Fig. 8A) . These data indicate that the direct or indirect gene-regulatory role of H19 in corneal epithelial cells is much broader than an effect on cell cycle regulators. In particular, H19 appears to up-regulate a number of genes encoding cell adhesion molecules.
In comparing genes affected by siH19 with those affected by DN-CLIM, we found a small but significant overlap of 229 genes that are affected both by DN-CLIM and H19 (Fig. 8B) . As expected, these shared targets are most strongly enriched for GO categories related to cell proliferation. They are also enriched for signal transduction and cell migration categories (Fig. 8C) . Interestingly, genes that are down-regulated by both H19 and DN-CLIM are most highly enriched in categories related to cell adhesion and cell proliferation (Fig. 8D) , suggesting that the additional adhesion defects observed in the K14-DN-Clim mouse cornea may also be caused by reduced H19. Approximately half of the genes affected by DN-CLIM and siH19 are also bound by CLIM (Fig. 8E) , indicating that, in part, CLIM and H19 target the same genes.
CLIM and ER␣ Co-occupy the H19 Locus-H19 has been shown to be more highly expressed in the female cornea than in male cornea (14) . Because the estrogen receptor motif was enriched within the CLIM ChIP-Seq peaks, we looked for high scoring ER motifs in the CLIM-bound regions at the H19 locus. CLIM-bound regions 1, 2, and 4 near H19 (Figs. 7A and 8F ) contain strong ER motifs, suggesting that estrogen signaling may regulate H19 expression and that CLIM may bind with ER to regulate H19 expression. ChIP experiments in P7 mouse corneal epithelium verified that both CLIM and ER bind to regions 1 and 4 of the H19 locus and that CLIM also binds region 3 (Figs.  7A and 8, G and H) . Previously published data on ER binding across numerous human breast cancer cell lines reveal that ER localizes to many sites within the H19/Igf2 locus, including a site immediately upstream of H19 and a site overlapping enhancer signals between H19 and Igf2 (37); the homologous regions for both of these are bound by CLIM and ER in mouse cornea epithelium, suggesting that ER␣ may regulate H19 more broadly across tissues. Together, these results identify a role for H19 in modulating corneal epithelial proliferation and indicate that CLIMs bind with ER to regulate H19.
Discussion
In this study, we provide genomic and functional evidence that CLIM, acting in an epithelium-intrinsic manner, regulates the proliferation dynamics of corneal epithelial progenitor cells. Using combined gene expression analyses and ChIP-Seq approaches, we identified direct genomic targets of CLIMs, including H19, a noncoding RNA that acts to suppress corneal epithelial progenitor cell proliferation. We show that, in addition to modulating the expression of cell proliferation regulators, H19 directly or indirectly affects the expression of multiple cell adhesion genes in corneal epithelial cells. Furthermore, we also identify a previously uncharacterized role for the estrogen receptor in the corneal epithelium both as a cofactor of CLIMs in corneal epithelium and as a potential upstream regulator of H19.
CLIMs Regulate Cell Proliferation and Repopulation Dynamics in the Corneal Epithelium-The DN-CLIM corneas exhibit a striking misregulation of genes involved in cell proliferation, an aspect crucial for progenitor maintenance and tissue homeostasis. Together, the BrdU incorporation data and colony forming assays suggest that the corneal epithelial progenitor cell population is altered in K14-DN-Clim mice with an initial increase in proliferation followed by a decrease by P10. The DN-CLIM corneal epithelial cells also have less repopulating potential compared with WT. This initial increase in proliferation, characterized by a reduction in cell cycle inhibitor expression, may cause the stem cell compartment to exhaust its potential early, resulting in later reductions in proliferation and repopulating capacity. A number of cell cycle inhibitors, including Cdkn1b and H19, are bound directly by CLIM and misregulated in K14-DNClim corneas, suggesting that they are direct targets of CLIM. Based on the large number of potential direct CLIM targets within the Wnt signaling pathway, CLIM likely further influences the cell cycle through its regulation of Wnt signaling.
CLIM Interacts with Distinct Cohorts of Transcription Factor Binding Sites to Regulate Gene Expression in the Cornea-Iden-
tifying genome-wide CLIM binding sites in the cornea through ChIP-Seq experiments provided insights into the mechanisms of CLIM function in cornea, including information on potential binding partners recruiting CLIM to chromatin. Thus we found that several DNA-binding motifs were enriched in CLIM binding regions, including motifs for TAL1, GATA, RUNX1, and others; all are factors known to interact with CLIM in other systems (2, 38, 39) . Our validation of FOXO1 and RUNX1 binding to a subset of their motifs within CLIM ChIP-Seq peaks indicates that these interactions occur in the corneal epithelium. Not all motifs for these two factors were found to be occupied in our ChIP-PCR experiments. However, these sites could be bound at other developmental time points or could be bound by other FOXO or RUNX family members, as we only tested for FOXO1 and RUNX1 binding.
Intriguingly, among the enriched motifs flanking CLIM peaks was the motif for ER␣ (ESR1). CLIM has previously been shown to be a cofactor for ER␣ in mammary epithelia but not in stratified epithelia; in mammary epithelial cells, CLIM functions to enhance ER␣-mediated gene expression (40) . Estrogen receptors are expressed in all ocular surface tissues, including the cornea. This is interesting as a recent study highlighted the sex-specific differences in corneal wound healing (41) .
CLIM was originally identified through its interaction with LHX proteins (1-3) . Therefore, it is interesting to note that the motif for LHX was not enriched within the flanking regions of CLIM ChIP-Seq peaks. This is in contrast to hair follicle stem cells where CLIM seems to function through interactions with LHX2 (7, 42) . The low expression of LHX proteins in the cornea (32) , combined with the lack of enriched LHX motifs adjacent to CLIM chromatin binding sites, suggests that in the corneal epithelium CLIM primarily interacts with other factors to effect its regulation of gene targets and that the exact composition of the CLIM-mediated multiprotein complexes varies with tissue type. LIM domain only (LMO) proteins, strongly expressed in the corneal epithelium, may play a role in recruiting CLIM to non-LHX complexes (32). .01, n ϭ 3) . B, overlap of siH19-affected genes in primary human cornea epithelial cells and DN-CLIM-affected genes in P3 mouse cornea. C, GO analysis for genes affected by both siH19 and DN-CLIM. D, GO analysis for genes down-regulated by both siH19 and DN-CLIM. E, overlap of genes affected by both siH19 and DN-CLIM with genes that have a nearby CLIM peak. F, estrogen receptor motifs in DN-CLIM-bound regions at the H19 gene locus. G, ChIP-qPCR with CLIM1/2 at the indicated regions of the H19 locus (see Fig. 7A ). H, ChIP-qPCR with ER␣ at the indicated regions of the H19 locus. GEO accession number, GSE80387. Error bars represent S.E. ncRNA, noncoding RNA; Neg, negative control region.
The biases we discovered in co-occurrence rates for motifs of different CLIM-interacting partners indicate that CLIM can act through different protein complexes in the same cell type to regulate gene expression. We found that TAL1 motifs are strongly enriched near all other CLIM cofactors tested. Additionally, the GATA and RUNX motifs are commonly found together as are the ESR and LMO2 motifs. An interaction between LMO4 and ER␣ has been described previously in mammary epithelium (43) and striatum (44); our unbiased ChIP-Seq approach provides evidence of this interaction between LMO factors and ER␣ in corneal epithelium as well. These data suggest that CLIM plays a role in bringing together different transcription factors to function synergistically at specific regulatory locations. It is tempting to speculate that that these preferences for specific combinations of CLIM co-binding transcription factors may be a mechanism of regulation that is also active in other CLIM-expressing tissues.
CLIM Regulates Noncoding RNA H19 -We identified the noncoding RNA H19 as a CLIM target in corneal epithelium, adding to the mechanistic complexity of CLIM-mediated transcriptional regulation and defining for the first time a role for H19 as a regulator of proliferation in the corneal epithelium. Our findings also point to a broader role for H19 in corneal epithelial development as we show that H19 affects the expression of genes involved in a wide range of functions, including cell adhesion, lipid metabolism, noncoding RNA processing, and immune response. The overlap of genes regulated by H19 and CLIM suggests that CLIM influences gene expression at a subset of its downstream targets through regulation of H19; interestingly, these targets include not only cell proliferation genes but also genes involved in cell adhesion as well as other functional categories. The idea that CLIM acts on H19 to mediate regulation of downstream targets is further supported by the finding that approximately half of the genes regulated by both CLIM and H19 do not have a nearby CLIM ChIP-Seq peak; it is likely that CLIM regulates these targets through binding and activation of H19.
Located adjacent to each other along the chromosome, H19 and Igf2 have opposing roles in regulating proliferation. Expression is determined by imprinted methylation at a region between H19 and Igf2, termed the differentially methylated region, that directs shared downstream enhancer elements to the proper promoter (Igf2 on the paternal allele and H19 on the maternal allele) (45) . Neither differentially methylated region nor the two downstream enhancers are bound by CLIMs, but additional regions further downstream of H19 that have been shown to be enhancers specifically for H19 are bound by CLIM as is an upstream enhancer (46) . Because the selectivity of the enhancers in the region is key to proper expression of the locus, the structure and chromatin looping formed between enhancer and promoter are crucially important. Due in part to its ability to homodimerize, CLIM has been shown to play a major role in forming and maintaining chromatin loops at the ␤-globin locus during hematopoiesis (11) . Thus it is plausible that CLIM functions at the H19/Igf2 locus to regulate chromatin structure and interactions between enhancers and promoters.
Two developmental syndromes are linked to misregulation of the H19/Igf2 locus. Silver-Russell syndrome causes growth defects and is associated with loss of paternal IGF2 expression. Ophthalmologic abnormalities, including refractive errors, have been linked to this syndrome, suggesting that proper regulation of the Igf2/H19 locus is important for the development of ocular structures (47) . The converse syndrome, BeckwithWiedemann, associated with hypermethylation of the locus, causes excessive growth and predisposes patients toward tumor development (48) . Additionally, sex-specific expression of H19 and IGF2 has been documented; both are significantly more highly expressed in the iris, retina, ciliary bodies, eyecup, and cornea of the female mouse eye compared with the male (14) . This is intriguing as our studies show that DN-CLIM binding at H19 overlaps ER motifs, and we find that CLIMs and ER␣ bind to the same regions within the H19 locus. CLIM and ER␣ have been shown to interact directly in mammary epithelium (40) ; our study is the first to suggest that CLIMs may interact with the estrogen receptor outside of reproductive tissues and that CLIMs may act together with ER␣ to up-regulate expression of H19.
CLIMs Act through Unique Mechanisms to Modulate Progenitor Cells in Different Tissues-CLIMs play a number of roles in progenitor cell maintenance: they promote quiescence in hematopoietic stem cells (49) , maintain hair follicle stem cells in the epidermis through interaction with LHX2 (7, 34, 42, 50) , and maintain the proliferative potential of basal stem cells, acting upstream of Fgfr2 in mammary epithelium (15) . In our studies characterizing CLIM regulation of corneal epithelial progenitor cell maintenance, we did not find evidence for CLIM binding to the proximal Fgfr2 promoter, and motif analysis suggests that CLIM acts independently of LHX factors in the cornea. Additionally, H19 is not misregulated by DN-CLIM in mammary epithelial nor hair follicle stem cells. These results therefore indicate that, although CLIMs have a broad role in regulating progenitor cell dynamics in many tissues, they do so through unique mechanisms in different tissues.
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